Permanent hearing loss is often a result of damage to cochlear hair cells, which mammals are unable to regenerate. Non-mammalian vertebrates such as birds replace damaged hair cells and restore hearing function, but mechanisms controlling regeneration are not understood. The secreted protein bone morphogenetic protein 4 (BMP4) regulates inner ear morphogenesis and hair cell development. To investigate mechanisms controlling hair cell regeneration in birds, we examined expression and function of BMP4 in the auditory epithelia (basilar papillae) of chickens of either sex after hair cell destruction by ototoxic antibiotics. In mature basilar papillae, BMP4 mRNA is highly expressed in hair cells, but not in hair cell progenitors (supporting cells). Supporting cells transcribe genes encoding receptors for BMP4 (BMPR1A, BMPR1B, and BMPR2) and effectors of BMP4 signaling (ID transcription factors). Following hair cell destruction, BMP4 transcripts are lost from the sensory epithelium. Using organotypic cultures, we demonstrate that treatments with BMP4 during hair cell destruction prevent supporting cells from upregulating expression of the pro-hair cell transcription factor ATOH1, entering the cell cycle, and fully transdifferentiating into hair cells, but they do not induce cell death. By contrast, noggin, a BMP4 inhibitor, increases numbers of regenerated hair cells. These findings demonstrate that BMP4 antagonizes hair cell regeneration in the chicken basilar papilla, at least in part by preventing accumulation of ATOH1 in hair cell precursors.
Introduction
Auditory hair cells are mechanoreceptors located in the cochlea that encode sound and are required for hearing. Hair cells are often damaged by ototoxic drugs, noise exposure, or aging. Because mature mammals cannot replace cochlear hair cells (e.g., Roberson and Rubel, 1994; Chardin and Romand, 1995; Sobkowicz et al., 1997; Forge et al., 1998) , hearing deficits caused by hair cell loss are permanent. By contrast, birds regenerate auditory hair cells and restore hearing within a few weeks (Cruz et al., 1987; Cotanche, 1987; Corwin and Cotanche, 1988; Ryals and Rubel, 1988;  reviewed in Bermingham-McDonogh and Rubel, 2003; Stone and Cotanche, 2007) . In birds, auditory hair cells reside in the basilar papilla, a sensory epithelium located in the cochlear duct. Replacement hair cells are derived from adjacent supporting cells by either mitotic division (Hashino and Salvi, 1993; Stone and Cotanche, 1994) or direct transdifferentiation, during which supporting cells phenotypically convert into hair cells without dividing (Adler and Raphael, 1996; Roberson et al., 2004; Shang et al., 2010) .
The mechanisms that regulate hair cell regeneration in mature animals are largely unknown. During vertebrate embryogenesis, the transcriptional activator ATOH1 drives expression of many hair cell-specific genes (Cai et al., 2015) and is necessary for both hair cell differentiation and survival (Bermingham et al., 1999; Itoh and Chitnis, 2001; Chen et al., 2002; Millimaki et al., 2007; Pan et al., 2012; Cai et al., 2013; Chonko et al., 2013) . ATOH1 is transcribed at a low level in developing hair cell progenitors (Bermingham et al., 1999; Woods et al., 2004) . Levels of ATOH1 transcript and protein become elevated in nascent hair cells and diminish once hair cells mature (e.g., Chen et al., 2002; Woods et al., 2004) . In nonmammals, ATOH1 expression is re-activated during hair cell regeneration. Shortly after hair cell damage occurs, most supporting cells (hair cell progenitors) in the area of damage appear to upregulate ATOH1 transcription (Lewis et al., 2012) . However, only a subpopulation of supporting cells or post-mitotic precursor cells accumulates ATOH1 protein and transdifferentiates into hair cells (Cafaro et al., 2007; Cotanche and Kaiser, 2010; Lewis et al., 2012) . Overexpression of ATOH1 drives higher rates of supporting cell division and direct transdifferentiation in the chicken basilar papilla (Lewis et al., 2012) and promotes regeneration of hair celllike cells in mammalian epithelia after damage at mature stages (e.g., Kawamoto et al., 2003; Shou et al., 2003; Atkinson et al., 2014; Staecker et al., 2014) .
Bone morphogenetic proteins, or BMPs, are critical regulators of cellular development (reviewed in Brazil et al., 2015) . BMP4 antagonizes transcription and accumulation of ATOH1 in the developing cerebellum and in medulloblastomas (Zhao et al., 2008) . In chickens, BMP4 is transcribed in the auditory sensory primordium at early stages of embryogenesis and in auditory hair cells at late stages Oh et al., 1996; Cole et al., 2000) . The functions of BMP4 signaling in avian hair cell development are somewhat unclear. Pujades et al. (2006) showed that inhibition of BMP4 in cultured chick otocysts with the antagonist noggin (NOG) increases ATOH1 transcripts and hair cell numbers, and addition of soluble BMP4 has the opposite effect. However, Li and colleagues (2005) showed that BMP4 increases hair cell numbers in the developing chicken inner ear, and inhibition of BMP4 has the opposite effect.
We evaluated expression of BMP4 signaling pathway genes in the chicken basilar papilla after hair cell damage, and we tested effects of activating or inhibiting BMP4 signaling in cultured basilar papillae. As described below, our results indicate that BMP4 is a potent negative regulator of hair cell regeneration, and reduction of BMP4 signaling is likely a critical step to enable supporting cells to replace hair cells after damage.
Materials and methods

Animal care and treatment
Chickens were obtained in two manners. Fertile eggs of chickens (Gallus gallus, White Leghorn) were purchased from Charles River Labs (Wilmington, MA) or Featherland Farms (East Pearl Coburg, OR) and stored in a refrigerator for up to one week. Eggs were placed in a humidified incubator until hatching. Alternatively, hatchlings were purchased from Belt Hatchery (Fresno, CA) or Featherland Farms (East Pearl Coburg, OR). Hatchlings generated in each manner were housed in heated brooders with water and food. Both male and female birds were used. All procedures were approved by the University of Washington Animal Care Committee and conformed to federal standards.
Gentamicin injections
Post-hatch -7 day-old chicks were injected with the ototoxic aminoglycoside antibiotic, gentamicin (subcutaneous, 1 Â 300 mg/ kg on 2 consecutive days, Sigma-Aldrich, St. Louis, MI), which kills hair cells in the proximal region when administered systemically. After injection, chicks were returned to brooders for recovery until 4 or 8 days following the first gentamicin injection. Chickens were killed by decapitation. The middle ear was opened, and the columella (middle ear bone) was removed. For tissue being prepared for in situ hybridization (ISH), middle ears were opened, and heads were immersion-fixed in a solution of 0.2 mM EGTA and 3.7% formaldehyde in 1X phosphate-buffered saline (PBS) overnight at 4 C. After fixation, cochlear ducts (containing the basilar papilla) were dissected and placed in diethylpyrocarbonate (DEPC)-treated PBS for removal of the tegmentum vasculosum and the tectorial membrane, structures that overlie the basilar papilla. Cochlear ducts were rapidly dehydrated in a graded methanol series and stored at À80 C until ISH was performed (described below). For tissue being prepared for immunohistochemistry, cochlear ducts were removed immediately after decapitation and fixed in buffered 4% paraformaldehyde (Stone and Rubel, 1999) for 30 min at room temperature and stored in PBS at 4 C. For all basilar papillae, the tectorial membrane was mechanically removed by dissection prior to dehydration (for ISH) or prior to storage in PBS (for immunolabeling).
Organ cultures
Chicks between days 7e10 post-hatch were killed by decapitation, and heads were rapidly immersed in 70% ethanol for 1 min. Cochlear ducts were dissected, and the tegmentum vasculosum was removed. Each cochlear duct was placed in an individual well containing 450 mL of culture media and maintained at 37 C in 95% environmental room air/5% CO 2 for various periods (described for each experiment in Results). Culture media were composed of Dulbecco's Minimal Essential Medium (Sigma-Aldrich, St. Louis, MI) plus 1% fetal bovine serum (Atlanta Biologicals, Atlanta, GA). For the first few days, all cultures were treated with 172 mM streptomycin by generating a 1:100 dilution of penicillin-streptomycin solution (catalog #P433 [Sigma-Aldrich, St. Louis, MI]). Streptomycin, an ototoxic aminoglycoside antibiotic, kills hair cells throughout the entire basilar papilla when applied in vitro, including proximal and distal halves (Shang et al., 2010) , but penicillin is not harmful to hair cells. After ototoxin treatment, cultures were rinsed and maintained in streptomycin-free media. Cultures were treated with 10 ng/ml BMP4 (human recombinant, #314-BP, R&D Systems, Minneapolis, MN), 500 mg/ml noggin (NOG) (mouse FC chimera, #719-NG, R&D Systems), or no additive, as described in Results. Culture media were replaced daily at halfvolume for maintenance or full-volume when changing to another stage of the experiment (e.g. transitioning from media with ototoxin to media without ototoxin). Cochlear ducts were fixed as described above for ISH or immunolabeling. For each experiment, at least 3 runs were performed. For each run, at least 4 experimental and 4 control organs were included.
Whole-mount in situ hybridization
Using non-radioactive in situ hybridization (ISH) previously described (Henrique et al. 1995; Stone and Rubel 1999) , mRNA was detected in whole-mount cochlear ducts from which the tegmentum vasculosum and tectorial membrane had been removed. Digoxygenin (DIG)-conjugated riboprobes were synthesized from plasmids containing fragments or complete cDNA of the following chicken genes: BMP4 (obtained from Dr. Doris Wu, National Institute of Deafness and Other Communication Disorders, National Institutes of Health; Roberts et al., 1995) , BMPR1A and BMPR1B (obtained from Dr. Jeanette Hyer, Department of Neurosurgery, University of California San Francisco; Zou et al., 1997; Hyer et al., 2003) , BMPR2 (obtained from Dr. Tsutomu Nohno, Department of Molecular and Developmental Biology, Kawasaki Medical School, Kurashiki, Japan; Kawakami et al., 1996) , ID1, ID2, ID3, and ID4 (gifts from Dr. Marianne Bronner, Caltech; Kee and BronnerFraser, 2001a,b,c) , and ATOH1 (a gift from Dr. Fernando Giraldez, Pompeu Fabra University, Barcelona, Spain; Pujades et al., 2006) . Riboprobes were detected using alkaline phosphatase-conjugated anti-DIG antibody and NBT/BCIP substrate (Roche, Indianapolis, IN). To examine gene expression after gentamicin treatment in vivo, 4e8 basilar papillae were examined per time-point for each gene. To compare gene expression in organ cultures, at least 8 specimens (4 experimental, 4 control) from the same culture run were processed in parallel, with 2e3 culture runs performed for each experiment. Some cochlear ducts were embedded post-ISH in plastic and sectioned at 2e3 mm to better visualize cellular localization of the hybridization reaction.
Immunohistochemistry
At the end of each culture period or immediately following cochlear duct removal, auditory end organs were fixed with buffered 4% paraformaldehyde for 30 min, rinsed with phosphate buffered saline (PBS), and stored at 4 C. Cochlear ducts were immunolabeled using standard methods (Stone and Rubel, 2000; Cafaro et al., 2007; Daudet et al., 2009; Lewis et al., 2012) . Organs were immersed in blocking solution (10% normal goat serum diluted in 0.05% TritonX-100 in PBS) for 30 min, then placed in primary antibody diluted in the same blocking solution overnight at 4 C or room temperature. We used the following primary antibodies. Rabbit anti-MYO6 (1:1000 dilution) and anti-MYO7A (1:1000 dilution) antibodies were purchased from Proteus Biosciences (Ramona, CA). Rabbit anti-TUBB3 antibody (1:500 dilution) was purchased from Covance (Redmond, WA). Rabbit polyclonal anti-ATOH1 (1:300 dilution) was provided by Jane Johnson (University of Texas Southwestern Medical Center). Rat monoclonal anti-BrdU (1:400 dilution) was purchased from SeraLabs (Chestertown, MD).
After rinsing with PBS, organs were placed into secondary antibody solution for 2 h. Secondary antibodies conjugated to fluorophores (Alexa 488, Alexa 594; 1:400 dilution each) were purchased from Jackson ImmunoResearch Laboratories (West Grove, PA) or Molecular Probes (Eugene, OR). For ATOH1 labeling only, we used Tyramide Signal Amplification (TSA; Invitrogen, Carlsbad, CA) to increase signal. We followed manufacturer's specifications with few alterations (Cafaro et al., 2007) . Organs were counter-labeled with DAPI (4,6-diamidino-2-phenylindole) at 0.1 mg/ml to detect nuclei. Organs were mounted on glass slides and coverslipped using Vectashield (Vector Laboratories).
Dead cell labeling
To assess apoptosis in cultured basilar papillae, we used terminal deoxynucleotidyl transferase mediated dUTP nick end labeling (TUNEL) using an Alexa Fluor 488 kit from ThermoFisher Scientific (Waltham, MA). Cultures were co-labeled with DAPI.
Imaging and quantitative analyses
Imaging of fluorescently labeled whole-mount basilar papillae was performed using an Olympus FV-1000 confocal microscope. Bright-field imaging of ISH was performed using a Zeiss Axioplan microscope. For qualitative analyses, at least 4 basilar papillae were examined for each experimental group. For quantitative analyses, the number of basilar papillae analyzed ranged from 3 to 13 per group. Sample numbers for each experiment are provided in Figure Legends .
It is important to note that streptomycin treatment in vitro leads to hair cell destruction throughout the basilar papilla (Shang et al., 2010) , while gentamicin treatment in vivo causes hair cell destruction only in the proximal half (e.g., Bhave et al., 1995) . In each group of basilar papillae (cultured with no additive, BMP4, or NOG), we estimated the density of hair cells (MYO6-positive cells), dying cells (TUNEL-positive cells), dividing (BrdU-labeled) supporting cells, or ATOH1-positive nuclei in the mid-distal region of each basilar papilla, located at~70% distance from the proximal tip. This region was analyzed routinely, because it is wider and often better preserved than the proximal end, which can be injured during explantation. We counted cells in 65,273 mm 2 mid-distal regions, which comprises~10% of the basilar papilla's area. Cell density was converted to number of cells per 10,000 mm 2 of basilar papilla.
Because each cochlear duct was cultured alone in a well, each organ was included as a number (N) for each respective treatment group. Animal numbers for each experiment and group are provided in Figure Legends . Data were analyzed with ANOVA and, in some cases, a Dunnett's or Bonferroni's multiple comparisons post hoc test, as indicated for each case in Results. For all comparisons, effects were considered statistically significant if p 0.05.
Results
Hair cells were lost and regenerated after ototoxin treatment
Prior studies demonstrated that injection of post-hatch chickens with gentamicin (ototoxin) results in complete loss of hair cells in the proximal one-third to one-half of the basilar papilla within 3e4 days (Bhave et al., 1995; Janas et al., 1995) . At 3e7 days postototoxin, hair cell progenitors (supporting cells) divide and transdifferentiate into hair cells; regenerated hair cells begin to emerge in the damaged region by 4 days post-ototoxin (Stone and Rubel, 2000; Roberson et al., 2004; Cafaro et al., 2007) . We performed experiments to confirm this time-course. Post-hatch chickens received one injection of ototoxin (gentamicin, at 200e250 mg/kg) on two consecutive days, and organs were harvested at 4 or 8 days after the first injection (Fig. 1A) . Control birds received no ototoxin. Hair cells and nerve fibers were selectively labeled with antibodies to bIII tubulin (TUBB3; Stone et al., 1996; Stone and Rubel, 2000) .
The state of hair cells throughout the basilar papilla at each time is schematized in Fig. 1BeD , with each boxed region indicating the proximal region shown in Fig. 1EeM .
In control birds, antibodies to hair cell-selective proteins TUBB3 and MYO6 label intact hair cells throughout the basilar papilla ( Fig. 1B,E ; Hasson et al., 1997; Stone et al., 1996; Stone and Rubel, 2000) . At 4 days post-ototoxin, TUBB3-positive hair cells were lost from the proximal half of the basilar papilla; only a few TUBB3-labeled nerve fibers persisted (Fig. 1C,F) . Hair cells remained intact in the distal (undamaged) half of the basilar papilla (schematized in C). By 8 days post-ototoxin, regenerated hair cells had emerged in the proximal, damaged half (Fig. 1D,G) , and hair cells in the distal half remained intact (schematized in D).
ATOH1 transcripts were upregulated in supporting cells after hair cell loss and enriched in regenerated hair cells as they differentiate
One of the earliest markers of regenerating hair cells is ATOH1 mRNA or protein, which is absent in mature hair cells and supporting cells but accumulates after hair cell damage in supporting cells when they transdifferentiate into hair cells (Cafaro et al., 2007; Cotanche and Kaiser, 2010; Lewis et al., 2012) . Using in situ hybridization (ISH), we confirmed that ATOH1 transcripts were present at very low levels in undamaged basilar papillae (Fig. 1H) . At 4 days post-ototoxin, once hair cell elimination had occurred, ATOH1 transcripts were upregulated in supporting cells in the damaged region ( Fig. 1I) . At 8 days post-ototoxin, ATOH1 transcripts were expressed in presumably regenerating hair cells (Fig. 1J ). Some new hair cells expressed lower levels of ATOH1, suggesting they were more mature. No changes in ATOH1 expression were seen in the distal, undamaged region (not shown).
3.3. BMP4 transcripts were detected in mature and regenerated hair cells but were lost upon hair cell destruction Bone morphogenetic protein 4 (BMP4) is a diffusible signaling molecule that is expressed in the sensory epithelia of the developing chick otocyst Oh et al., 1996; Cole et al., 2000) , where it antagonizes ATOH1 transcript accumulation (Pujades et al., 2006) . To assess if BMP4 might have a similar role during hair cell regeneration, we examined BMP4 expression in basilar papillae, before and after hair cell loss and during hair cell regeneration using the time-line defined in Fig. 1A . Using wholemount ISH with a previously described probe , we found that BMP4 transcripts were restricted to hair cells (Fig. 1K ) and non-sensory cells near or within the abneural half of the basilar membrane (shown in Fig. 3B ). They were not expressed in supporting cells. Four days after ototoxin, BMP4 mRNA labeling was eliminated from the proximal (damaged) half of the basilar papilla (Fig. 1L) , concurrent with hair cell loss. At 8 days post-ototoxin, BMP4 mRNA was detected in regenerated hair cells in the damaged region (Fig. 1M) . By contrast, BMP4 mRNA labeling did not appear to change in the distal undamaged region (data not shown).
Transcripts for BMP4 receptors were detected in undamaged basilar papilla
We assessed transcripts for BMPR1A, BMPR1B, and BMPR2, the receptors for BMP4 (Feng et al., 2014; Gorący et al., 2012; Miyazono et al., 2010; van Wijk et al., 2007) . Using whole-mount ISH, we localized receptor transcripts in basilar papillae from chicks that received no ototoxin using probes described previously (Kawakami et al., 1996; Zou et al., 1997; Hyer et al., 2003) . To visualize cellular labeling, organs were sectioned (Fig. 2AeD) . For reference, hair cell labeling is shown in Fig. 2A . Transcripts for BMP4 receptors were localized to hair cells and supporting cells (Fig. 2BeD) . Transcripts for BMPR1B appeared to be present at higher levels in hair cells than supporting cells (Fig. 2C) , while expression of BMPR1A and BMPR2 appeared similar in both cell types (Fig. 2B,D) . ATOH1 mRNA labeling; surface views of whole-mount preparations. H. ATOH1 mRNA was not detected in control basilar papilla. I. ATOH1 mRNA levels were dramatically increased in the proximal half at 4 days post-ototoxin. J. At 8 days post-ototoxin, ATOH1 mRNA was expressed in some regenerated hair cells in the proximal half (arrowhead) but was absent from other, presumably more mature regenerated hair cells (arrow). K. BMP4 mRNA labeling; surface views of whole-mount preparations. BMP4 mRNA was highly expressed in hair cells in undamaged basilar papilla. Inset shows a transverse section of a control, undamaged basilar papilla that demonstrates BMP4 mRNA was highly expressed in hair cells (HC) but lacking in supporting cells (SC). L. At 4 days post-ototoxin, BMP4 mRNA was lost from the proximal half, reflecting hair cell destruction. M. At 8 days post-ototoxin, BMP4 mRNA re-emerged in regenerated hair cells in the proximal half. Scale bar shown in H ¼ 10 mm and applies to panels EeM. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) R.M. Lewis et al. / Hearing Research 364 (2018) 1e11 3.5. Transcripts for IDs were detected in undamaged basilar papillae
We examined expression of the transcriptional cofactors inhibitors of DNA binding (Ids), which are known to act downstream of BMPs in various tissues (Miyazono and Miyazawa, 2002; Miyazono et al., 2010) . In the developing inner ear, transcripts for IDs 1e4 are enriched in supporting cells, and IDs likely mediate BMP4's inhibition of ATOH1 transcription during hair cell development (Jones et al., 2006; Kamaid et al., 2010) . Whole-mount ISH using previously described probes (Kee and Bronner-Fraser, 2001a,b,c) revealed that, in undamaged basilar papillae, supporting cells express transcripts for ID1 (Fig. 2E), ID2 (Fig. 2F) , and ID3 (Fig. 2G) , while ID4 transcripts were expressed in hair cells and supporting cells (Fig. 2H ).
3.6. Spatial distribution of transcripts for ATOH1 and BMP4 pathway proteins after hair cell loss
We explored regional changes in expression of ATOH1 and some BMP4 pathway transcripts at 4 days after ototoxin-mediated hair cell damage using whole-mount ISH. All images show the entire extent of the basilar papilla. Labeling for the hair cell marker myosin VIIa (MYO7A; Hasson et al., 1997) (Fig. 3A) demonstrates that hair cells were nearly completely lost from the proximal half of the basilar papilla but remained intact in the distal half. BMP4 transcripts were highly reduced in the proximal half but were retained distally (Fig. 3B) , as expected, since there was little or no hair cell loss in the distal half. Further, BMP4 transcripts were retained in cells near or within the abneural half of the basilar membrane in the proximal region. BMP4 transcripts are naturally low in the distal-most portion of the basilar papilla (Fig. 3B) . Transcripts for the BMP4 target gene, ID3, were reduced in the proximal, damaged half (Fig. 3C) , mirroring changes in BMP4. ID2 also showed reduced mRNA expression in the damaged region (not shown). By contrast, ATOH1 and BMPR1A transcripts were increased 3 . Expression patterns for ATOH1 and BMP4 pathway genes at 4 days postototoxin in the chicken basilar papilla. All panels show whole basilar papillae at 4 days post-ototoxin (gentamicin). A. The labeling pattern of MYO7A protein, which is enriched in hair cells, demonstrates that hair cell loss was confined to the proximal half of the basilar papilla. Arrow points to the transitional zone between the proximal half, with extensive hair cell loss, and the undamaged distal half. B. BMP4 mRNA was abundant in hair cells in the distal half of the basilar papilla, while BMP4 mRNA labeling was absent from the proximal half. Some BMP4 mRNA labeling was retained in cells beneath the sensory epithelium, near the basilar membrane, on the abneural (lower) half only (arrows). Arrowhead points to distal-most region, where BMP4 expression is lower than in other regions of the epithelium under normal conditions. C. ID3 mRNA was abundant in supporting cells in the distal half, while ID3 mRNA labeling was decreased in the proximal half. D. ATOH1 mRNA was not detected in the distal half, while ATOH1 was highly upregulated in the proximal half. E. BMPR1A mRNA label was relatively low in the distal half compared to the proximal half. Scale bar in A ¼ 100 mm and applies to all panels. Fig. 4 . BMP4 treatment reduced expression of ATOH1 mRNA and protein, and antagonized supporting cell division and hair cell regeneration in cultured chicken basilar papillae. A. To evaluate effects on ATOH1 expression, organ cultures were treated with ototoxin (streptomycin) for 2 days to kill hair cells. Organs were maintained in 10 ng/ml BMP4, 500 ng/ml NOG, or no additive (control) during the ototoxin treatment period and then for 2 additional days. B-G. These panels show ISH labeling for ATOH1 mRNA (BeD) or immunofluorescence labeling for ATOH1 protein (EeG) in the mid-distal region of basilar papillae treated with either BMP4 (C,F), NOG (D,G), or no additive (control, B,E). H. Graph shows the average number of cells labeled by ATOH1 immunofluorescence per 10,000 mm 2 of basilar papilla (þ1 standard deviation) for each treatment group. Numbers of basilar papillae assessed were 7 for controls, 5 for BMP4-treated, and 3 for NOG-treated. I. To evaluate effects on hair cell regeneration, ototoxin was added to organ cultures for 2 days. Then, organs were maintained for 6 days in culture with no additive (control), 10 ng/ml BMP4, or 500 ng/ml NOG. J-L. Images show fluorescent labeling for MYO6 in the mid-distal region of in supporting cells in the proximal half (Fig. 3D,E) , as were transcripts for BMPR1B and BMPR2 (not shown). The expression pattern for each gene in the distal half of undamaged organs was very similar to its expression pattern in the distal half of damaged organs (not shown), indicating that expression of the genes shown in Fig. 3 was not altered in the distal half after damage.
BMP4 reduced ATOH1 transcripts and protein in the damaged basilar papilla
Our results indicate that under normal conditions, when no new hair cells are being formed, BMP4 is expressed in hair cells and very little ATOH1 is expressed in supporting cells. Upon hair cell loss, BMP4 expression is lost, and ATOH1 mRNA levels are increased. These observations suggest BMP4 antagonizes ATOH1 expression and prevents supporting cell transdifferentiation when hair cells are intact, and upon hair cell damage, the loss of BMP4 signaling enables ATOH1 to be upregulated in supporting cells, which initiates hair cell regeneration.
We reasoned that replacement of BMP4 during hair cell loss would prevent accumulation of ATOH1 mRNA, and inhibition of BMP4 with its antagonist noggin (NOG) might increase it. To test this hypothesis, cochlear ducts were explanted and cultured for two days with streptomycin, which is an ototoxin similar to gentamicin that we used for all culture experiments. Streptomycin treatment in vitro eliminates hair cells throughout the basilar papilla by the end of the treatment period, triggering hair cell regeneration in a similar time course as in vivo (e.g., Shang et al., 2010) . After rinsing out the ototoxin, the organ cultures were treated for two additional days with (1) no additive, (2) recombinant BMP4 protein at 10 ng/ ml, or (3) NOG (FC chimera) protein at 500 ng/ml (Fig. 4A) . These doses were similar to those used in studies of cultured chick otocysts (Pujades et al., 2006) . Cochlear ducts were processed for ISH to assess ATOH1 mRNA. In control cultures (no additive), ATOH1 mRNA expression was detected in cells throughout the basilar papilla (Fig. 4B) , which based on their cell shapes are likely regenerated hair cells (see Fig. 1I ,J). After BMP4 treatment, few ATOH1-expressing cells were seen (Fig. 4C) . By contrast, ATOH1-expressing cells were numerous following NOG treatment (Fig. 4D) . It is possible that some cells had more ATOH1 mRNA than others, but we did not quantify this.
Next, we assessed effects of BMP4 on numbers of cells expressing ATOH1 protein. Cochlear ducts were cultured as described in Figure 4A , and ATOH1 protein was assessed via immunolabeling. ATOH1-positive nuclei were abundant in control and NOG-treated basilar papillae (Fig. 4E,G,H ), but they were rare in BMP4-treated epithelia (Fig. 4F,H) . One-way ANOVA demonstrated a significant effect of treatment (df ¼ 14, f ¼ 32.28, p < 0.0001). Dunnett's post hoc multiple comparisons test indicated that the density of ATOH1-positive nuclei was significantly reduced in BMPtreated organs relative to controls (for control vs. BMP4, q ¼ 7.598; for control vs NOG, q ¼ 0.2422), but there was no difference between NOG-treated organs and controls.
These findings show that, in short-term cultures, BMP4 antagonizes the increase of ATOH1 transcripts and protein in regenerated hair cells, but treatment with the BMP4 antagonist NOG has little effect.
BMP4 antagonized hair cell regeneration in the damaged basilar papilla
Next, we tested the hypothesis that BMP4 treatment decreases the number of hair cells that are regenerated. Cochlear ducts were explanted and cultured for two days with ototoxin. After rinsing, organs were cultured for 6 additional days with 10 ng/ml BMP4, 500 ng/ml NOG, or no additive (Fig. 4I) , allowing enough time for hair cells to differentiate and be identifiable by antibodies to MYO6 (Hasson et al., 1997; Shang et al., 2010) .
In cultures with no additive (controls), regenerated hair cells were abundant throughout the basilar papilla (Fig. 4J,M) . Treatment with BMP4 reduced the average density of hair cells (Fig. 4K,M) , while treatment with NOG increased hair cell density (Fig. 4L,M) , relative to controls. One-way ANOVA demonstrated a significant effect of treatment (f ¼ 24.36, df ¼ 8, p ¼ 0.0013). Dunnett's post hoc multiple comparisons test showed that BMP4-treated organs and NOG-treated organs were both significantly different from controls (for control vs. BMP4, q ¼ 2.935; for control vs. NOG, q ¼ À8.570).
BMP4 antagonized proliferation of hair cell progenitors
Next, we tested if BMP4 treatment also reduces proliferation of hair cell progenitors. Cochlear ducts were cultured with ototoxin for 2 days, rinsed, and maintained for another day in ototoxin-free media. BrdU was added to media for the last 4 h in culture to label dividing supporting cells (Fig. 4N) . Culture media contained 10 ng/ ml BMP4, 500 mg/ml NOG, or no additive for the entire 3-day culture period.
BrdU-positive nuclei were detected in the sensory epithelium of all organs (Fig. 4OeR) , and one-way ANOVA demonstrated a significant effect of treatment (p ¼ 0.0021; f ¼ 11.39, df ¼ 13). Dunnett's post hoc multiple comparisons test indicated that the density of BrdU-labeled cells was significantly reduced in BMP-treated organs compared to controls (p < 0.05, q for control vs BMP4 ¼ 4.008, and q for control vs NOG ¼ 0.0721), but there was no difference between NOG-treated organs and controls.
Treatment with BMP4 did not increase death of cells in the basilar papilla
It is possible that reductions in ATOH1 expression, hair cell differentiation, and dividing supporting cells in response to BMP4 were due to damage or death of supporting cells or early hair cell precursors. To address this possibility, cochlear ducts were cultured with ototoxin for either 1 day or 2 days, with or without BMP4 (controls). Cochlear ducts were fixed and processed for TUNEL, which marks apoptotic cells, and for DAPI, which labels DNA.
TUNEL-positive cells were seen in each group (Fig. 5) . We calculated the average density of TUNEL-positive particles in the mid-distal region of basilar papilla in each experimental group. We only counted TUNEL-positive particles that were DAPI-positive and therefore composed of DNA. Using two-way ANOVA, we found no significant effect of BMP4 treatment on numbers of TUNEL-positive particles (p ¼ 0.6439, df ¼ 1, f ¼ 0.2231), but there was a significant effect of time (p ¼ 0.0055, df ¼ 1, f ¼ 10.73), with higher numbers of TUNEL-positive particles at 1 day compared to 2 days in vitro. This basilar papillae treated with no additive (control, J), with BMP4 (K), or with NOG (L). M. Graph shows the average number of MYO6-labeled hair cells per 10,000 mm 2 of basilar papilla (þ1 standard deviation) for each group. Numbers of basilar papillae assessed were 7 for controls, 13 for BMP4, and 5 for NOG. N. To evaluate effects on supporting cell division, organ cultures were treated with ototoxin (streptomycin) for 2 days. Cultures were maintained in 10 ng/ml BMP4, 500 ng/ml NOG, or no additive (control) during the ototoxin treatment period and then for 1 additional day. BrdU was added for the last 4 h in culture. O-Q show the mid-distal region of basilar papillae cultured without additive (control, O), with 10 ng/ml BMP4 (P), or with 500 ng/ml NOG (Q). R. Graph shows the average number of BrdU-labeled supporting cells per 10,000 mm result was probably attributable to a higher rate of hair cell death in the shorter culture, since ototoxins have rapid effects. Our results indicate that BMP4 does not increase the rate of apoptosis in either hair cells or supporting cells in culture.
Discussion
BMP4 antagonizes ATOH1 expression during hair cell regeneration
BMPs are secreted molecules that regulate cellular processes in many regions of the body, including the nervous system. We examined the role of BMP4 in regeneration of auditory hair cells in post-hatch chickens. We found that BMP4 transcripts are abundant in hair cells, and transcripts for BMP4 receptors and effectors (IDs) are abundant in supporting cells, the hair cell progenitors. Ototoxin kills hair cells, resulting in loss of BMP4 from the auditory epithelium. This loss of BMP4 coincides with when supporting cells normally upregulate ATOH1 and either divide or directly transdifferentiate to form new hair cells (Cafaro et al., 2007; Lewis et al., 2012) . ATOH1 is a positive regulator of hair cell development (Bermingham et al., 1999; Zheng and Gao, 2000) and regeneration (Shou et al., 2003; Kawamoto et al., 2003; Lewis et al., 2012) . Addition of BMP4 to cultured cochlear ducts coincident with hair cell damage prevents upregulation of ATOH1 transcription and accumulation of ATOH1 protein in supporting cells and hair cells (Fig. 4) . We did not determine how BMP4 attenuates ATOH1 expression, but some possible mechanisms are suggested by other studies. In chicken otocysts, BMP4 inhibits ATOH1 transcription, and this is, at least in part, executed by inhibitor of DNA-binding (ID) proteins. IDs are transcriptional co-factors that block activity of bHLH transcription factors such as ATOH1 (reviewed in Benezra et al., 1990; Wang and Baker, 2015) . ID expression and activity are driven by BMP4 and other cellular signals (Miyazono and Miyazawa, 2002; Ying et al., 2003) . IDs 1e3 are expressed in sensory regions of the chick otocyst (Kamaid et al., 2010) . Treatment with BMP4 increases ID expression, and ID3 overexpression reduces ATOH1 transcripts and hair cell differentiation (Kamaid et al., 2010) . Furthermore, prolonged expression of IDs in the developing organ of Corti attenuates hair cell differentiation (Jones et al., 2006) . Although we did not test the function of IDs, we found that under normal conditions transcripts for BMP4 and ID3 are abundant in hair cells and supporting cells, respectively, and both transcripts are significantly reduced after damage, as ATOH1 increases (Figs. 1-3) . These findings are consistent with a model by which BMP4 secreted from hair cells normally drives ID3 transcription in supporting cells, thereby attenuating ATOH1 transcription. Upon hair cell damage, loss of BMP4 would release ID3's inhibition of ATOH1 transcription, allowing ATOH1 to accumulate in supporting cells and drive them to form new hair cells.
BMP4 signaling can also modulate levels of ATOH1 protein by stimulating its proteosomal degradation (Zhao et al., 2008) . ATOH1 is highly expressed in cerebellar granule neuron precursors as they proliferate and migrate during development (Adler and Raphael, 1996; Bermingham et al., 2001) . Addition of BMP4 in vitro inhibits proliferation of cerebellar granule neuron precursors by degrading ATOH1 protein (Zhao et al., 2008) . Future studies should determine if BMP4 stimulates ATOH1 degradation in supporting cells of the basilar papilla during normal conditions and during hair cell regeneration.
Our finding that exogenous BMP4 prevents ATOH1 upregulation after damage raises the possibility that BMP4 suppresses ATOH1 and maintains supporting cell quiescence under normal conditions, when hair cells are intact. With our current methods, we could not test this hypothesis, since hair cells begin to die when placed in culture, even in the absence of ototoxic drugs (Shang et al., 2010) . It is interesting, however, that BMP4 is not expressed in hair cells in utricles of post-hatch chickens (Hawkins et al., 2003) , in which hair cells throughout the organ undergo clearance and replacement throughout life. Assuming BMP4 has a conserved role in preventing supporting cell division and transdifferentiation across organs in the mature avian inner ear, its absence in the utricle would be advantageous, since abundance of this diffusible signaling molecule would antagonize hair cell replacement.
BMP4 antagonizes supporting cell division and hair cell regeneration in the basilar papilla
Addition of BMP4 to basilar papillae during hair cell damage in vitro blocks supporting cell division (Fig. 4) . A similar effect with a similar BMP4 dose was reported recently by Jiang et al. (2018) . The mechanism of this effect is not known. However, ATOH1 overexpression drives supporting cells to divide in the damaged chicken basilar papilla (Lewis et al., 2012) and in the developing organ of Corti (Kelly et al., 2012) , which suggests BMP4 may regulate division by modulating ATOH1 levels. While one might predict that the BMP4 blocker NOG would have the opposite effect as BMP4 during early regeneration and decrease supporting cell division, this is not what we found. One interpretation of this finding is there is likely to be little or no BMP4 signaling to be blocked in the damaged region at this time, since BMP4 transcripts are extremely low (Figs. 1 and  3) .
BMP4 addition to mature chicken cochlear ducts for longer periods (7 days) significantly reduces numbers of regenerated hair cells (Fig. 4) . Since new hair cells emerge and express BMP4 mRNA as early as 4 days after damage, this finding suggests that nascent hair cells provide negative feedback to supporting cells or early hair cell precursors via BMP4, halting hair cell differentiation in some regions. In support of this interpretation, we found that NOG treatment does increase numbers of regenerated hair cells during this timeframe (Fig. 4) .
Based on our findings, we propose the following model for how BMP4 may regulate hair cell regeneration in damaged auditory organs in post-hatch chickens (Fig. 6) . In the normal, undamaged condition (Fig. 6A,A 0 ) , hair cells secrete BMP4 that binds BMP receptors on nearby supporting cells. BMP4 signal transduction in supporting cells triggers transcription of IDs and other effectors (not shown) that maintain low transcripts for ATOH1. BMP4 may also induce ATOH1 degradation (see discussion above). Upon hair cell death, BMP4-mediated ATOH1 suppression is lost (Fig. 6B,B 0 ) , and ATOH1 transcription increases in supporting cells (Fig. 6C,C 0 ) . Supporting cells that accumulate ATOH1 either divide or transdifferentiate into hair cells (Fig. 6D,D 0 ) . When regenerated hair cells mature to the point of secreting BMP4, ATOH1 transcription in supporting cells or regenerated hair cells is reduced (Fig. 6E,E 0 ) . Once regenerated hair cells reach maturity, BMP4's steady-state suppression of ATOH1 is re-established (Fig 6F,F 0 ) .
One puzzling finding is that there is a period when both ATOH1 and BMP4 transcripts are likely co-expressed in regenerated hair cells. This would occur between 4 and 8 days post-gentamicin (our findings here; Cafaro et al., 2007; Lewis et al., 2012) , but more expression studies, especially at the protein level, are required to accurately define when each protein would be active. Based on these observations, it is conceivable that BMP4 is released from regenerated hair cells and binds a BMP4 receptor on their surface, which based on our current understanding would antagonize ATOH1 levels. Mature hair cells express BMPR1a, BMPR1b, and BMPR2, but we did not examine when regenerated hair cells express these receptors. One possibility is that young hair cells do not express BMPRs and thus cannot transduce BMP4 signaling, allowing ATOH1 levels to remain high at critical early stages of differentiation. It is also possible that BMPRs are expressed in young hair cells but other pathways such as sonic hedgehog or Wnt antagonize BMP4 signaling within hair cells (Roberts et al., 1998; Baker et al., 1999; Zhang et al., 2015) . Sometime before 16 days postgentamicin, ATOH1 becomes downregulated in the population of regenerated hair cells (Cafaro et al., 2007) . At this point, ATOH1 downregulation could be regulated by autocrine BMP4 signaling that is established once new hair cells reach a certain point of maturation. These aspects of BMP4 signaling within hair cells remain to be tested.
We examined only one dose of BMP4 and Noggin for its effect on avian hair cell regeneration. We selected each dose because it fell within the range of doses employed in prior studies of chicken hair cell development (Pujades et al., 2006; Kamaid et al., 2010) . However, different doses of each drug could have different effects upon hair cell regeneration. For instance, Pujades et al. (2006) found that 20 or 50 ng/ml BMP4 caused sensory progenitors in chick otocysts to stop dividing and to undergo apoptosis, while we found that 10 ng/ml BMP4 curtailed supporting cell division but did not promote apoptosis. Additional studies are required to determine if there are additional dose-dependent effects of BMP4 and Noggin during avian hair cell regeneration.
It is not possible to know which effects noted in our study are attributable solely to manipulation of BMP4 signaling. Other BMPs, such as BMP7, may be expressed in the mature basilar papilla. BMP7 transcripts were detected in embryonic day 16 supporting cells of chick BPs . To our knowledge, expression patterns for BMP family transcripts in post-hatch chicken basilar papillae have not been reported, and functions have not been tested. Nonetheless, BMP7 and other BMPs are modulated by Noggin, and addition of BMP4 to cultures could mimic signaling by these other ligands or alter dimerizations between BMP7 with BMP4 (reviewed in Guo and Wu, 2012) . Further work is needed to hone our understanding of BMP signaling in the mature chicken BP, under normal conditions and during hair cell regeneration.
4.3. BMP4 has similar roles during hair cell development and regeneration in chickens BMP4 regulates hair cell production during development. In otocysts of embryonic chickens, BMP4 transcripts are enriched in regions where sensory epithelia will form Wu and Oh, 1996; Cole et al., 2000) . Once basilar papillae differentiate, BMP4 expression becomes limited to hair cells . Treatment of cultured chicken otocysts with BMP4 reduces the number of cells that transcribe ATOH1 mRNA (presumed differentiating hair cells), while NOG has the opposite effect (Pujades et al., 2006) . BMP4 also reduces numbers of dividing sensory progenitor cells in chicken otocysts (Pujades et al., 2006) . For the most part, our observations are consistent with Pujades et al. (2006) and distinct from Li et al. (2005) , who found that BMP4 increases hair cell numbers in chick otocyst. However, BMP4 does not increase apoptotic cell death during avian hair cell regeneration (Fig. 5) , as it does during avian hair cell development (Pujades et al., 2006) .
BMP4 expression in the mature organ of Corti has not been wellcharacterized, and neither has the role of BMP4 during mammalian hair cell regeneration. During embryogenesis, BMP4 mRNA is not detected in the developing organ of Corti, but is instead expressed in non-sensory cells along the lateral edge of the sensory organ (Morsli et al., 1998; Ohyama et al., 2010) . Treatment of embryonic cochleae with BMP4 results in higher numbers of outer hair cells (Puligilla et al., 2007) . Suppression of BMP4 signaling causes cells in the lateral portion of the organ of Corti to express non-sensory markers (Ohyama et al., 2010) and prevents outer hair cell formation (Munnamalai and Fekete, 2016) . These findings suggest BMP4 specifies lateral cells in the organ of Corti and promotes hair cell differentiation, which seems to contradict what has been reported during avian hair cell development and regeneration. These disparate findings may be due to true differences in the roles of BMP4 during development in birds and mammals. Or, they may have occurred because of variations in activation or attenuation of BMP4 signaling across studies. Future investigations are required to define if and how BMP4 signals to supporting cells after hair cell damage in the mature organ of Corti.
Significance statement BMP4's negative regulation of Atoh1 and hair cell differentiation during embryogenesis has been described. Few studies have reported a function for the diffusible protein BMP4 during hair cell regeneration in mature birds, and no studies have examined BMP4's role in hair cell regeneration in mammals or fish, to the best of our knowledge. We found in post-hatch chickens that BMP4 antagonizes hair cell regeneration, while inhibition of BMP4 signaling promotes regeneration. These observations help to elucidate the role of BMP4 during sensorineural tissue repair in mature animals and to raise awareness of signaling molecules that may modulate hair cell regeneration in other tissues and species.
